The promise of revolutionary insights into intraocular pressure (IOP) and aqueous humor outflow homeostasis, IOP pathogenesis, and novel therapy offered by engineered mouse models has been hindered by a lack of appropriate tools for studying the aqueous drainage tissues in their original 3-dimensional (3D) environment. Advances in 2-photon excitation fluorescence imaging (TPEF) combined with availability of modalities such as transgenic reporter mice and intravital dyes have placed us on the cusp of unlocking the potential of the mouse model for unearthing insights into aqueous drainage structure and function. Multimodality 2-photon imaging permits high-resolution visualization not only of tissue structural organization but also cells and cellular function. It is possible to dig deeper into understanding the cellular basis of aqueous outflow regulation as the technique integrates analysis of tissue structure, cell biology and physiology in a way that could also lead to fresh insights into human glaucoma. We outline recent novel applications of two-photon imaging to analyze the mouse conventional drainage system in vivo or in whole tissues: (1) collagen second harmonic generation (SHG) identifies the locations of episcleral vessels, intrascleral plexuses, collector channels, and Schlemm's canal in the distal aqueous drainage tract; (2) the prospero homeobox protein 1-green fluorescent protein (GFP) reporter helps locate the inner wall of Schlemm's canal; (3) Calcein AM, siGLO™, the fluorescent reporters m-Tomato and GFP, and coherent anti-Stokes scattering (CARS), are adjuncts to TPEF to identify live cells by their membrane or cytosolic locations; (4) autofluorescence and sulforhodamine-B to identify elastic fibers in the living eye. These tools greatly expand our options for analyzing physiological and pathological processes in the aqueous drainage tissues of live mice as a model of the analogous human system.
Introduction
We barely understand the cellular basis of intraocular pressure (IOP) hemostasis let alone triggers of glaucomatous dysregulated IOP. IOP is determined by the aqueous humor dynamic. The aqueous drainage system has an intricate 3-dimensional (3D) organization comprising a number of tissues cooperating in a complex interplay to maintain physiological IOP. The basic functional units of this drainage system are distinct cellular subsystems that typically have been studied in isolated form instead of within the more complex tissue or in vivo environment. It has been hard to achieve the latter mainly for lack of appropriate techniques and overcoming this difficulty could bridge an important scientific gap. It would provide capacity to translate cellular knowhow obtained in vitro to an in vivo context, helping us better understand tissue function and dysfunction. It could pave the way to apply myriad biological advances to better reveal and treat the pathophysiology of glaucoma.
2-photon (2P) imaging that permits direct tissue-based observation of cell and extracellular matrix (ECM) events offers a unique glimpse of cellular mechanisms in vivo (Masedunskas et al., 2011; Masedunskas and Weigert, 2008; Rothstein et al., 2016; SchenkeLayland, 2008) and in the live aqueous drainage tissues (Gonzalez and Tan, 2013a ) (see Table 1 ). This expands our capacity to probe and better understand the cellular regulation of IOP. Apart from providing unique high-resolution structural views of the drainage tissues, 2P imaging permits direct observation of cells and their behavior within tissues in 2D and 3D so that cell interactions may be analyzed within their original tissue context. Whereas cellular analysis is classically performed in cell culture, we now have an opportunity to analyze the same cells within their native tissue environment without first disrupting the tissue or removing the cells for culture.
Among the benefits offered by 2P imaging are deep tissue penetration, precise optical sectioning, subcellular resolution within tissues, and reduced phototoxicity compared with traditional 1-photon (1P) imaging. We have adopted a 2P excitation fluorescence imaging (TPEF) approach combining multiple modalities including selective identification of naturally occurring endogenous fluorophores, transgenic fluorophores and exogenous labeling. Second harmonic generation (SHG) is a further label-free method to specifically isolate and visualize certain molecules such as structural collagen. Combining high-resolution deep tissue optical sectioning with computational image analysis provides versatile options for analyzing these signals in tissues without disrupting the mouse eye ( Fig. 1 ). Thus biological events in drainage tissues of the intact mouse eye may be observed in vivo or ex vivo without conventional histological sectioning, combined with simple bench top techniques. Foregoing studies describe this in postmortem human eyes (Chu et al., 2014b; Gonzalez et al., 2016a Gonzalez et al., , 2016b Gonzalez et al., , 2013 Gonzalez et al., , 2012 Gonzalez and Tan, 2013b; Huang et al., 2013; Park et al., 2015; Tan et al., 2012 Tan et al., , 2013 , postmortem mouse eyes (Ammar et al., , 2010 Gibson et al., 2011; Ko et al., 2016; Masihzadeh et al., 2011; Tan et al., 2013) and live mouse eyes (Gonzalez and Tan, 2013a) . The purpose of this article is to describe development and application of 2P multimodality imaging to the live mouse aqueous drainage system as a model of the analogous human drainage tract. We illustrate this with examples of mouse in vivo imaging and correlation with ex vivo studies.
Drainage tract functional organization
Primate aqueous humor outflow follows conventional and unconventional drainage routes and similar routes likely serve aqueous outflow in mice. It is not inconceivable that structural or cellular aberration within any part of these complex drainage routes contributes to elevated IOP and glaucoma.
The conventional pathway comprising trabecular meshwork (TM), Schlemm's canal (SC) and the intrascleral aqueous drainage channels is located deep to the region of the corneoscleral limbus in primates and the same organization is seen in mice (Aihara et al., 2003a; Ko et al., 2014; Ko et al., 2016; Lei et al., 2011; Overby et al., 2014; Smith et al., 2001) . The TM and inner wall endothelium of SC (IWSC) are of clinical and physiological importance because they are sites of high outflow resistance, and by implication play a pivotal role in determining IOP. The TM is comprised of contractile cells attached to an intricately organized extracellular matrix (ECM) rich in elastic fibrils (Lütjen-Drecoll, 1989; Tian et al., 2009) . Aqueous humor percolates through several TM cell layers, then by paracellular and/or transcellular transit through the endothelial layer of IWSC before entering SC (Johnson, 2006; Johnson and Erickson, 2000; Overby, 2011) . From SC, aqueous drains down collector channels (CC) into intrascleral plexuses (ISP), aqueous veins, and episcleral veins of the venous system. The intrascleral portion of the conventional pathway distal to the TM may account for up to half of total outflow resistance (Bahler et al., 2004; Battista et al., 2008; Grant, 1958 Grant, , 1955 Ellingsen and Grant, 1972; Johnstone and Grant, 1973; Moses, 1981; Rosenquist et al., 1989; Schuman et al., 1999; Van Buskirk and Grant, 1973) .
The mouse ciliary muscle extends anteriorly from a region posterior to SC to the anterior chamber angle . Along this longitudinal course, the ciliary muscle is sandwiched between the ciliary body with its processes internally, and TM and SC externally. The ECM and interstitial spaces of the ciliary muscle provide an anterior access point for aqueous flowing posteriorly from the anterior chamber into the uveoscleral drainage route. From here aqueous enters the suprachoroidal space then crosses the sclera or perhaps enters the choroid. There is evidence of uveoscleral outflow in rodents based on tracer studies (Bernd et al., 2004; Lindsey and Weinreb, 2002) .
As in primates, pressure-dependent outflow is seen in mice during in vivo and ex vivo anterior chamber perfusion. Pressuredependent outflow, or outflow facility -the inverse of outflow resistance -is an important measure as it is a major determinant of IOP. In primates, pressure-dependent outflow is attributed largely to conventional outflow, although the pressure dependency of uveoscleral outflow may change under certain circumstances such as inflammation or exposure to prostaglandins (Becker and Neufeld, 2002; Bill, 2003; Gabelt and Kaufman, 1990; Takagi et al., 2004; . These observations made in primates have been applied to mice to model relative contributions of the conventional and unconventional routes to total aqueous outflow (Aihara et al., 2003a; Goel et al., 2010; Lei et al., 2011; Lindsey and Weinreb, 2002) .
Benefits of studying the mouse model -chief of which are (Ko et al., 2014 (Ko et al., , 2016 and biologically probe (Kim and Tan, 2014; Tan, 2015, 2016) aqueous outflow function in live mice. These techniques represent steps to overcome the mouse problem of size in vivo. Coupling our in vivo physiological and pharmacological techniques with in vivo 2P imaging are next logical steps to enhance biological analysis of the live mouse eye. We have learned from our 2P studies in human TM and mice that tissue-based cell biological analysis may be achieved with the resolution and easy accessibility expected of in vitro methods (Chu et al., 2014b) . Capacity to deliver pharmacological (Gonzalez et al., 2016a; Ko et al., 2016) and biological probes (Gonzalez and Tan, 2015; Ko and Tan, 2015) to the TM and stably and reproducibly measure outflow dynamics and IOP in live mice (Chu et al., 2014a; Ko et al., 2016) enhances further the potential of 2P studies. This has led us to turn to the mouse as an in vivo platform on which to unearth a better understanding of IOP and aqueous outflow regulation in health and disease. Establishing a system of 2P imaging in live mice that permits direct observation and analysis of the aqueous drainage tissues and fluid dynamics within their original 3D ocular environment could drive a new understanding of IOP hemostasis and pathogenic IOP elevation.
Trans-scleral deep tissue imaging
The mouse sclera is relatively thin, lending itself to trans-scleral deep tissue visualization by 2P techniques (i.e., outside-in imaging) in the live mouse (Fig. 2) or enucleated mouse eye (Figs. 1, 3e5 ). Trans-scleral imaging yields en face views of the drainage structures lying within sclera and deep to it. To achieve sufficient tissue penetration and preservation of subcellular-level resolution requires an optimal setup of laser excitation in a near-infrared range that minimizes tissue scatter, energy absorption and phototoxicity (Aptel et al., 2010; Schenke-Layland, 2008; Zipfel et al., 2003) , coupled with sensitive detectors (see Method supplement). Our 2P studies show that the mouse SC and TM lie between 60 and 100 mm from the ocular surface (Fig. 3 ), but the maximal scleral penetration of 1P imaging is typically not more than 50 mm. Use of high numerical aperture objectives may increase the depth of 2P-imaging to 100e200 mm. Low power objectives may further increase this to 600 mm or more. Imaging at these depths is needed to visualize deeper structures such as ciliary muscle and ciliary processes lying internal to the TM . Lack of pigment in albino mice permits relatively unimpeded laser penetration and excellent views of the deeper aqueous drainage tissues (Fig. 3 ). Capacity to view the same structures is no less in pigmented mice as we have found good 2P signal integrity in the inner drainage structures of pigmented strains. Pigment is sporadically present in the TM and ciliary body, however, and care should be taken to calibrate and reduce laser power (eg., 15 mW at the objective; Masihzadeh et al., 2012) in these regions to avoid thermal damage.
Prior studies of aqueous drainage structures, lymphatics and blood vessels in the mouse limbus region adopted methods of cross-sectional histology (Chang et al., 2001; Smith et al., 2000) , whole mount immunostaining (Chan et al., 2004) and vascular corrosion casts (Ninomiya and Inomata, 2006) , but results were variable (Chang et al., 2001; Smith et al., 2000) . The organization of these structures at the limbus is hard to capture because of their complex branching and intermingled configuration. Moreover the structures extend across the scleral depth from a convex-shaped ocular surface, making it best to define them 3-dimensionally but more conventional histological methods used in previous studies were better suited to 2D capture, with the exception of the corrosion casts of Ninomiya and Inomata (2006) . Studies in humans have tried to capture 3D aspects of the aqueous drainage system (Ashton, 1951 (Ashton, , 1952 Ashton and Smith, 1953) . More recently, characterization of biological markers such as PECAM-1 and LYVE-1 in whole mount preparations has yielded novel descriptions of these discrete systems (Aspelund et al., 2014; Karpinich and Caron, 2014; Park et al., 2014; Thomson et al., 2014; van der Merwe and Kidson, 2014) .
Autofluorescence
Trabecular beams -collagen (eg., type I and III collagen) structures with a core of elastic fibrils -provide scaffolding around tissue pores representing aqueous drainage conduits through the TM. Apart from providing structural support, the precise functional role of trabecular beams is unclear but understanding it better could provide important clues to the modulation of aqueous outflow resistance. TM structural collagens and elastic fibrils represent endogenous fluorophores emitting autofluorescence of different intensities that may be visualized and distinguished from each other by TPEF without exogenous labeling (Fig. 3A, D) (Chu et al., 2014b; Huang et al., 2013; Tan et al., 2012) . Distal to the TM, scleral walls surrounding Schlemm's canal (SC) and collector channels are also richly invested with elastic fibrils (Hann and Fautsch, 2011) that are autofluorescent and characterized by TPEF (Fig. 3G) . Pigment itself is autofluorescent but prone to thermal injury due to a propensity to absorb laser energy. But with laser energy calibrated carefully, the pigment autofluorescent signal may be used to visualize pigmented structures of the iridocorneal angle Johnson et al., 2011; Masihzadeh et al., 2012) .
Coherent Anti-Stokes Raman Scattering (CARS) (Ammar et al., 2013) may be used as an adjunct to visualize lipid-rich membranes in combination with autofluorescence and SHG (see next). A multiphoton configuration is used with two objectives placed opposite each other on the limbus of an enucleated eye, with autofluorescence and SHG collected as backscatter through one objective, and CARS collected through the other objective. This allowed non-labeled visualization of cells by autofluorescence (NAD[P]H) and CARS (lipid-rich membranes), and tissue structures by SHG (collagen).
Second harmonic generation
SHG is a frequency-doubling phenomenon arising by non-linear 2P excitation of non-centrosymmetric (asymmetric) macromolecular structures (Ammar et al., 2010; Chu et al., 2014b; Huang et al., 2013; Gonzalez et al., 2016a; Johnson et al., 2011) . SHG is generated by macromolecules such as type I collagen that simultaneously scatter and recombine two lower-energy photons as a single photon of twice the energy. The SHG signal of a particular molecule has its own narrow wavelength (half the excitation wavelength) detection range that can be used to distinguish it from other SHGgenerating molecules with different wavelength detection ranges. SHG may be distinguished from tissue autofluorescence by detecting the SHG signal outside (typically below) the autofluorescence emission range using an appropriate 2P excitation wavelength and narrowband emission filter combination (Ammar et al., 2010; Chu et al., 2014b; Gonzalez and Tan, 2013a; Gonzalez et al., 2016b; Huang et al., 2013; Johnson et al., 2011; SchenkeLayland, 2008; Tan et al., 2013) .
The scleral collagen SHG signature reveals wavy bundles ( Fig. 2A) . Collagen SHG signals are not homogenous across the sclera, however, as regions of signal voids representing localized absences of structural collagen are seen ( Fig. 2A, E) . If SHG signal voids are cell-lined we take them to represent intrascleral channels draining aqueous humor (eg., collector channels), blood (blood vessels) or lymph (lymphatic vessels). Alternatively nerves or regions of cellularity may be present. To confirm that a scleral SHG signal void truly represents an aqueous drainage channel requires that the signal void be cell-lined and traceable to SC in serial optical sections (Fig. 2C) . We have identified cell layers bordering channelshaped scleral SHG signal voids by exogenous dye-labeling (eg., cellular intravital dyes or phalloidin-conjugated Alexa568) or in transgenic reporter mice with fluorescently-tagged endothelium. A further confirmatory step would be to follow transit of a perfused fluorescent tracer from the anterior chamber to its appearance in an intrascleral channel. A caveat of using tracers is that transit should not be restricted by the TM-SC inner wall endothelium and the channel itself should be draining at the time, as due to aqueous preferential outflow, not all channels will have established drainage at a particular time or for a particular physiological condition. Thus absence of the tracer may not necessarily mean a structure is not an aqueous drainage channel.
Intrinsic collagen abnormality may itself lead to IOP elevation, as seen in collagen type I alpha 1 mutant mice (Aihara et al., 2003b) . Elevated IOP of these mutants may be attributable to abnormal conventional or unconventional drainage. These types of mouse models could yield further information on the drainage system when studied by SHG imaging of collagen to characterize aberrations in collagen organization in the eye tissues.
Transgenic fluorescence
Mice transgenically expressing fluorescent tags that are specific for a particular cell type or subcellular compartment may be used to associated with the branching fibrils surrounding pores with a diameter >25 mm (F). In SC, a pattern of walls and septae as seen by autofluorescence (G) and SHG (H) produced an appearance of loculation. CC were seen in cross-section as oval or circular signal voids with diameters of 15e20 mm and associated with F-actin (L) in autofluorescence (J) and SHG (K, L) images. Bar ¼ 25 mm.
segregate and specifically visualize structures of interest by TPEF. For example, a prospero homeobox protein 1-GFP (Prox1-GFP) reporter mouse that expresses tagged Prox1 in structures bearing a lymphatic identity strongly expresses Prox1-GFP in the IWSC endothelium (Fig. 4) . Furthermore, Prox1-GFP expression varies with IOP and outflow through the IWSC (Park et al., 2014) , indicating the potential usefulness of TPEF imaging in these mice to learn more about IOP regulation. It also makes it possible to specifically identify conventional drainage structures in 3D imaging studies (Choi et al., 2010; Karpinich and Caron, 2014) when analyzed with respect to other markers such as lymphatic vessel endothelial hyaluronan receptor (LYVE-1), a biomarker for lymphatic endothelium (Kizhatil et al., 2014; Park et al., 2014) that is expressed in true limbal lymphatics but not SC (Fig. 3GeL) . (Park et al., 2014) . Work with this Prox1-GFP reporter mouse has already revealed intriguing insights into SC development (Kizhatil et al., 2014) , pathogenesis from FOXC transcription factor mutations (Thomson et al., 2014) , and glaucoma therapy with vascular endothelial growth factor C (Aspelund et al., 2014) . Many of these observations were made by 1P confocal microscopy of dissected whole mount tissues but we propose that 2P imaging combined with biological probing and fluid dynamics studies in live mice will further extend our understanding of aqueous drainage regulation.
Exogenous labeling
Intravital dyes are exogenous non-toxic water permeable fluorescent dyes labeling subcellular compartments for fluorescence imaging in live tissues. An example is Calcein AM, a non-fluorescent cell membrane-permeable dye that is converted to cytosolic fluorescent calcein by esterases in live cells but not dead cells, allowing selective identification of living cells within tissues. We have used it to identify live cells in the TM and quantitatively analyze tissue viability by 2P imaging Gonzalez and Tan, 2013b) . The dye may also be perfusion-delivered to the mouse anterior chamber to selectively label live cells in the TM for 2P visualization with reference to the tissue's structural ECM.
DY-547-labeled siGLO™ is taken up by cells in the TM, yielding a particularly bright signal (Fig. 5AeH) . siGLO™ is a 22-nucleotide double-stranded RNA lacking known mRNA targets and serves as a RISC-independent positive control for siRNA transfection, but we have adapted its use for 2P visualization of cells within the TM (Fig. 5) . A further technique is to transduce live cells in the TM with LifeAct (Hwang et al., 2013) , a 17 amino acid peptide fluorescent tag that stains F-actin structures (not shown). This allowed us to analyze the contractile state of live cells in the human TM by TPEF. A transgenic LifeAct expressing mouse is also available that would be useful for 2P live mouse TM contractility studies without exogenous transduction.
Sulforhodamine-B that is typically used as a fluorescent dye to assess cell viability also labels elastic fibrils in vivo (Gaertner et al., 2012; Ricard et al., 2007) . Brief mouse anterior chamber exposure to the dye not only labels live cells but also brightly labels elastic fibrils in the sclera and TM (Fig. 5IeK) . Combined SHG and TPEF of sulforhodamine-B-labeled ECM of the TM provide powerful options for studying mechanoelastic properties of the drainage tissues.
3D tissue reconstruction and isosurface mapping
Using Imaris 7.3.0 from Bitplane Inc., we routinely perform software-assisted 3D reconstructions of the TM from 2P serial optical sections to analyze structural, cellular, and subcellular features of the tissue based on separately reconstructing and merging data from different 2P imaging channels (Chu et al., 2014b; Gonzalez et al., 2016a Gonzalez et al., , 2013 Gonzalez and Tan, 2015 , 2013a , 2013b Huang et al., 2013; Tan et al., 2013, Figs. 1C, 2E, 2H, 4E, 4F, and 5DeH) . By this approach, tissue-based TPEF (autofluorescence, transgenic fluorescence and fluorescence from exogenous labeling) and SHG signals can be recombined for analysis. These techniques provide novel ways to explore aqueous drainage tissue cell biology and pathology. Specific features may be isolated, merged and mapped in relation to the fine architecture of the TM to qualitatively and quantitatively analyze associations in 3D tissue space. Cell-ECM interactions in situ may be studied by quantitative 3D colocalization analysis. Cellular entities, ECM and epitopes may be localized across the tissue as isosurface maps that represent not Fig. 5 . Visualization of live cells and elastin in mouse eyes using siGLO™ and sulforhodamine-B, exogenous fluorescence labels. AeB: projection images from serial optical sections; C: orthogonal reconstruction; DeH: isosurface mapping of the corneoscleral limbus region of C57BL/6 mouse eye after exposure to siGLO™ (red). A: Projection image of sclera combining optical sections located between the vertical dashed lines in panel C showing cell-associated siGLO™ signal. B: SHG signal voids at mid-depth of sclera reveal the location of an intrascleral plexus (ISP). siGLO™ associates with ISP vessels (more clearly seen in C) but also extra-ISP regions of the sclera. C: Orthogonal reconstruction reveals strong siGLO™ in Schlemm's canal (SC) and distal intrascleral channels. DeH: Isosurface maps of siGLO™ (D) and ISP (E) within the sclera, shown as collagen SHG rendered transparent from an outside-in perspective. In the orthogonal perspective, collector channels (CC) are easily appreciated, extending from the ISP (yellow) to the outer wall of SC (blue craggy undulating structure on left; F). The siGLO™ signal is much brighter in cells of the TM and ciliary body (G, H), indicating preferentially labeling of these more proximal drainage structures. In G and H, a slit-like space between the TM (red) and outer wall of SC (red) indicates SC. IeK: Sulforhodamine-B rapidly labels elastin in live mouse eyes, seen here as distinct elastic fibrils with associated stromal and cellular components as the dye also labels cell membranes (I). Near the ocular surface of the corneoscleral limbus (depth of 4 mm) path of an episcleral vessel (ESV) is revealed by lack of sulforhodamine fluorescence surrounded by elastic fibrils and more amorphous labeling just stunning views of the tissue but large datasets displayed as coded 3D tissue plots. This output permits visualization of cellular, ECM and protein distribution combined in the 3D tissue in a way that would not otherwise be easily forthcoming by standard observation alone. For example, our isosurface mapping techniques qualitatively and quantitatively reveal TM porous expansion following pharmacologically-induced actomyosin relaxation (Gonzalez et al., 2016a) .
Conclusions: in vivo structure-function analysis and future applications
Relative contributions of the mouse conventional and unconventional drainage routes to aqueous outflow dynamics and modulating outflow resistance remain unclear. Conventionally, these questions have been addressed using a mixture of direct and indirect techniques requiring prior assumptions of how the drainage system behaves in certain physiological and pharmacological contexts. Developing the capacity to directly resolve and measure cellular and ECM behavior with reference to fluid transit through different parts of the mouse aqueous drainage tract in vivo will provide unique capacity to better define and understand these important pathways and their cross-talk as they go about their business of regulating IOP. We have established mouse in vivo methods to predictably deliver pharmacological or cellular probes to the anterior chamber, stably and reproducibly measure aqueous drainage tissue fluid conductivity, and pharmacologically induce and resolve graded outflow responses (Kim and Tan, 2014; Ko and Tan, 2013; Ko et al., 2016) . We have combined these in vivo drug delivery and physiological methods with ex vivo TPEF (Ko et al., 2016) and are now establishing more complete systems solely for in vivo analysis.
Method supplement

Animal husbandry
Mouse experiments were performed in accordance with the ARVO Statement for Use of Animals in Ophthalmic and Vision Research and the National Institutes of Health guide for the care and use of Laboratory animals. Approval had been obtained from the University of Southern California and University of California, Los Angeles Institutional Animal Care and Use Committees (IACUC). The mice were raised and housed in air-filtered clear cages with a bedding of pine shavings, subject to a 12-h light/dark cycle, and fed ad libitum. Mice were anesthetized with a mixture of ketamine (60e85 mg/kg, Ketaject, Phoenix Pharmaceutical, Inc., St. Joseph, MO, USA), xylazine (6e8.5 mg/kg, AnaSed; Lloyd Laboraties, Shenandoah, IA, USA) and acepromazine (1.5e2.5 mg/kg, Boehringer Ingelheim, St. Joseph, MO, USA), injected intraperitoneally. Anesthesia was titrated to achieve a depth facilitating stable ocular imaging. One drop of topical proparacaine hydrochloride ophthalmic solution (0.5%, Akorn, Inc, Buffalo Grove, IL, USA) was applied to the cornea prior to imaging. Mice were rested on a warming platform or under a heating blanket (Homeothermic Blanket Systems, Harvard Bioscience, Inc., Holliston, MA, USA) to maintain body temperature during experiments.
C57BL/6 and Balb/c mice aged 3e4 months were purchased from Charles River Laboratories (Wilmington, MA, USA). In vivo and ex vivo studies were performed in hybrid GFP/membrane-targeted td-Tomato (m-Tomato) mice that were a generous gift from Dr. Roberto Weigert, NIDCR. The m-Tomato mouse was a product of crossing Friend Virus B-Type transgenic mice expressing EGFP (De Paola et al., 2003) and C57BL/6 mice expressing the membranetargeted td-Tomato protein (m-Tomato) (Shaner et al., 2004) . Both mice were originally purchased from the Jackson Laboratory. Crossed lines were bred to generate homozygotes. The expression of both transgenes was driven by the chicken b-actin promoter and the cytomegalovirus enhancer (Masedunskas et al., 2011) . The anesthetized mice were placed with their eyes facing upward toward an objective inverter (LSM Technologies) attached to a 2P imaging platform, with intervening optical coupling gel (0.5% Carbomer 940, 300 mM D-sorbitol, adjusted to pH 7.3 with triethanolamine [Snowdrift farm, Tucson, AZ, USA]); or downward in contact with glass and the objective of an inverted microscope, as described below.
Ex vivo studies were performed in the following mice: Prox1-GFP mice (Choi et al., 2011) and Prox1-tdTomato (Tg(Prox1-tdTomato) TA76Gsat/Mmucd) were a generous gift from Dr. Young Hong, University of Southern California.
Imaging setup
We have used the following 2P microscopy configurations: (a) Olympus IX81 inverted confocal microscope (Olympus, Melville, NY, USA) modified for 2P imaging. A tunable Ti:Sapphire femtosecond laser, Chameleon Ultra II (Coherent, Santa Clara, CA, USA) provided the laser source with power modulated by neutral density filters (Chroma Technologies, Rockingham, VT, USA). A beam expander modulated beam size (LSM Technology Inc., Shrewsbury, PA, USA). A Fluoview 1000 scanning head (Olympus, Melville, NY) was used to direct the beam. The emitted signal was directed into a custom-made array of three non-descanned detectors (LSM Technology Inc.). A 680 nm barrier filter (Chroma Technologies, Rockingham, VT, USA) prevented scattered IR light from reaching the detectors. Three cooled PMTs (R6060-12; Hamamatsu Corporation, Bridgewater, NJ, USA) and the dichroic mirrors and barrier filters (Chroma Technologies) were used for signal detection: (i) PMT dichroic mirror 510 nm with barrier filter 400 nm-480 nm (e.g., Hoechst fluorescence, endogenous fluorescence, collagen SHG); (ii) PMT dichroic mirror 570 nm with barrier filter 505 nm-560 nm (e.g., FITC, Alexa 488, GFP/EGFP); (iii) PMT barrier filter 590 nm-650 nm (e.g. Texas red, td-Tomato). To enhance detection of endogenous fluorescence, the barrier filter was removed. Imaging on the live animal was performed in the upright configuration using an objective inverter (LSM Technology Inc.; Rothstein et al., 2016) . For time lapse imaging the acquisition speed was set to 0.3 frames/sec. A UPLSAPO 60Â NA 1.2 water immersion objective was used (Masedunskas and Weigert, 2008) .
(b) Leica TCS SP5 AOBS MP system (Leica Microsystems, Heidelberg, Germany). Incident light was focused, and emitted signals were collected, with an inverted HCX PL APO CS 63Â/1.3NA glycerol objective (Leica). The laser was centered at 850 nm. TPEF signals were collected in epifluorescence configuration, split with a dichroic mirror, passed through multiphoton bandpass filters (TPEF ¼ 525/50 or 500e550 nm [Leica] ; and red epifluorescence ¼ 635/90 or 590e680 nm [Chroma] ) and guided onto a non-descanned photomultiplier tube detector (Hamamatsu). TPEF signals were collected through multiphoton bandpass filters (eg., 500e550 nm for autofluorescence; 415e435 nm for collagen SHG; and 590e680 nm for Alexa568 to reveal filamentous actin (F-actin)). Ocular images were collected as series of optical sections (X, Y, Z; 600 Hz, bidirectional) using 1024 Â 1024 pixel frames, 16-bit resolution and 16Â line averaging. Images were captured using LAS AF (Leica) and analyzed with Volocity 5.4.1 (PerkinElmer; Waltham, MA, USA), LAS AF Lite 2.2.1 (Leica), Imaris 7.3.0 (Bitplane; Zurich, Switzerland), and Image J (NIH; Bethesda, MD, USA). Images were cropped, resized and fit into figures using Photoshop CS5 (Adobe).
(c) Zeiss 710NLO [Carl Zeiss AG, Oberkochen, Germany] confocal microscope system coupled to Chameleon Ultra-II multiphoton lasers (Coherent). Eyes were imaged in the inverted configuration or upright using a objective inverter coupled to an optical gel. The Zeiss 710NLO system was supplemented with a BiG non-descanned detector [Zeiss] to increase sensitivity and fidelity for capturing deeper tissue fluorescence and SHG. SHG of mouse iridocorneal angle (not shown) was used to identify the region of the TM just deep to Schlemm's canal by a trans-scleral approach.
Reagents, antibodies and fluorescent dyes
Alexa Fluor 568-conjugated phalloidin was purchased from Life Technologies (Grand Island, NY, USA). Paraformaldehyde (PFA), Triton X-100, and bovine serum albumin (BSA) were purchased from Sigma (St. Louis, MO, USA). Dharmacon™ siGLO™ Red transfection indicator (100 mM; GE Healthcare, Wauwatosa, WI, USA) was incubated with ex vivo enucleated mouse eyes for 24 h in Accell™ siRNA delivery media (GE Healthcare) at 37 C and 8% CO 2 . siGLO™ labeled-eyes were imaged by trans-scleral 2P microscopy without fixation.
Light microscopy
Enucleated Balb/c mouse eyes were quickly embedded in Tissue-Tek ® Optimum Cutting Temperature compound (Sakura Finetek Inc., Torrance, CA, USA). Cryosections (7 mm thickness) were fixed with 4% PFA and further permeablized/blocked in the blocking solution (5% BSA and 0.3% Triton X-100) for 1 h at room temperature (RT). These sections were stained with hematoxylin and eosin and the mouse limbus was imaged by light microscopy using a Keyence BZ-X700 microscope (Keyence Corporation of America, Itasca, IL, USA).
Volumetric 3-dimensional (3D) reconstructions
Isosurface maps were generated with Imaris to recreate volumetric renderings of tissue SHG, autofluorescence, F-actin, Prox1-GFP, siGLO™, and signal voids representing intrascleral channels, as we have previously described (Chu et al., 2014b; Gonzalez et al., 2016a Gonzalez et al., , 2012 Huang et al., 2013) .
Volumes were rendered only above a predetermined threshold of size and fluorescence intensity. Optimum threshold parameters were determined in separate testing as: (a) voxels of 0.24 Â 0.24 Â 1 mm in X, Y, Z axes, respectively. This captured features with (a) dimensions ! 0.24 mm; (b) fluorescence intensity cutoff greater than 10,025 but less than 65,540 per voxel, based on 16-bit color depth. For focused isosurface modeling of deeper structures, reconstructions were cropped in the z-axis to segment blocks of optical slices 25 mm in depth before rendering. This preserved detail at depths where fluorescence dynamic range was narrow relative to the dynamic range of shallower regions.
Volumetric 3D reconstructions from signal voids
The SHG signal was reconstructed as isosurface volumes using the following parameters: surface grain size of 2 mm, largest sphere diameter or 1.803 mm, fluorescence intensity minimum cutoff of 3,600, and minimum voxel size of 10 mm. A solid block of fluorescence was then generated in software to serve as a mask (all voxels within the z-stack set to a value of 20,000) from which to carve out a negative imprint of the SHG. The SHG isosurface volume was then subtracted from the solid mask to generate a 3D representation of the collector channels. Isosurface volumes of the voids were reconstructed using the following parameters: surface grain size of 0.481 mm, largest sphere diameter of 1.803 mm, automatic (default) fluorescence intensity minimum cutoff value, and a minimum voxel size of 10 mm.
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